Abstract. We investigated the participation of γ-aminobutyric acid (GABA) neurons of the medial septal area in eight-arm radial maze performance in rats. The intra-septal injection of muscimol, a GABA A agonist, caused an increase in total error and working memory error. On the other hand, no significant effect was observed with reference memory error. Donepezil and tacrine (cholinesterase inhibitors) antagonized the muscimol-induced spatial memory deficits. Histidine (1500 mg / kg, i.p.) also improved the total error and working memory error induced by muscimol. At this dose, histidine caused a significant increase in the histamine content of the cortex, hippocampus, and hypothalamus in rats. In addition, the intra-hippocampal injection of histamine also antagonized muscimol-induced spatial memory deficits. The practical conclusion is that the GABA A receptor of the medial septal area plays an important role in working memory, and also, the disturbance of working memory induced by muscimol is mediated not only by cholinergic but also by histaminergic systems in the spatial memory of rats.
Introduction
The medial septal area contains cholinergic and γ-aminobutyric acid (GABA)ergic neurons that project to the hippocampus (1, 2) . It is well known that the brain cholinergic system is closely related to learning and memory. On the other hand, there are some reports that GABAergic neurons of the medial septal area are also involved in learning and memory. For instance, the intra-septal administration of muscimol caused a dosedependent memory impairment in the radial maze task (3). Brioni et al. (4) also demonstrated that the spatial learning task in the Morris water maze was significantly impaired in rats given pretraining muscimol injections in the medial septal area. Moreover, Krebs and Parent (5) reported that the injection of muscimol impaired the spontaneous alternation or continuous multiple trial inhibitory avoidance task.
On the other hand, we have reported that brain histamine has an important role in learning and memory; α-fluoromethylhistidine caused a dose-related prolongation of the response latency in the active avoidance response in rats (6, 7). Chen et al. (6) also found that histamine and histidine improved the impairment of the passive avoidance response in hippocampus-lesioned rats. In association with this, the brain histamine content was demonstrated to decrease in Alzheimer's disease patients (8) . However, little is known about the interaction between GABAergic and histaminergic systems in radial maze performance.
Therefore, the present study was performed to clarify the effects of histaminergic drugs on GABA A agonist muscimol-induced spatial memory deficits using the eight-arm radial maze performance in rats.
Materials and Methods

Animals
Male Wistar rats, 6-week-old (body weight 160 -180 g) were purchased from Japan SLC, Shizuoka. They were maintained in an air-conditioned room with controlled temperature (24 ± 2°C) and humidity (55 ± 15%). Animals were housed in aluminum cages with sawdust and with a 12-h light-dark cycle (light on from 7:00 to 19:00 h). Before the behavioral test, the body weight was maintained to 80% -85% of their freefeeding weight, and then the animals were kept on a restricted diet for the rest of the experiment. Water was provided ad libitum. All procedures involving the animals were conducted in accordance with the Guidelines for Animal Experiments at Okayama University Advanced Sciences Research Center.
Eight-arm radial maze
The apparatus used was described in our previous report (9) . The procedure was as follows: To familiarize the rat with the radial maze, they received 1 daily habituation session for 3 days prior to training. On the first day, food pellets (45 mg, each; Bio-Serv, A Holton Industries, Frenchtown, NJ, USA) were scattered over the entire maze surface and 3 or 4 rats were simultaneously placed on the radial maze and allowed to take pellets freely. On the next 2 days, a pellet was placed in each of the eight arms in the food cup, and the rat was allowed to explore freely until it had taken all the pellets. After adaptation, all rats were trained with 1 trial per day. In each trial, only four arms were baited, and the sequence was not changed throughout the experiment. The rat was placed on the center platform, which was closed off by a door. After 20 s, the door was opened and the rat was allowed to make an arm choice to obtain food pellets until all four pellets had been eaten or 10 min had elapsed. Rats were trained continually until reaching the criterion of at most 1 error per trial for 5 successive trials. The number of entries into the unbaited arms was scored as the total error. The first entry into never-baited arms was scored as a reference memory error, while a re-entry into arms where the pellet had already been taken was scored as a working memory error.
Surgery
The rats were anesthetized with sodium pentobarbital (35 mg / kg, i.p.), and fixed on a stereotaxic apparatus (SR-5, Narishige, Tokyo). A guide cannula made of stainless steel tubing (25-gauge) was implanted into the medial septal (A: 0.7, H: 6.0) and guide cannulas were implanted into the bilateral hippocampus (A: −3.8, L: ±2.2, H: 3.2) according to the atlas of Paxinos and Watson (10) . At least 7 days were allowed for recovery from the surgery.
Microinjection
A stainless steel injection cannula (30-gauge) was connected with a polyethylene tube to a Hamilton syringe. Drug solution or saline was injected into the medial septal or hippocampus through the injection cannula. The rate of injection was 0.5 µl / min with an injection pump (Bee Syringe Pump MF-9090; Bioanalytical System, Inc., West Lafayette, IN, USA). The injection cannula was left in place for a further 1 min after completion of injection to facilitate diffusion of the drug.
Determination of brain histamine content
The brain histamine content was determined using the method of Saito et al. (11) . Five animals were used in each group and the brain was quickly removed and placed on ice. Brain regions were dissected according to the procedure of Glowinski and Iversen (12) . The brain specimens were homogenized in 0.4 N perchloric acid and centrifuged at 15,000 × g for 60 min at 4°C. The histamine content was measured 3 h after intraperitoneal injection of histidine (1500 mg / kg) using a high performance liquid chromatography apparatus equipped with a fluorometric detector (CCP & 8010 Series; Tosoh, Tokyo).
Drugs
Muscimol (Sigma, St. Louis, MO, USA) was dissolved in saline and injected into the intra-septal area (0.3, 1.0, 3.0 nmol / 5 µl) 5 min before the test trial. Donepezil hydrochloride (Aricept ® ; Eisai Co., Ltd., Tokyo) (0.2, 0.5, 1.0 mg / kg) and 9-amino-1,2,3,4-tetrahydroacridine hydrochloride (tacrine, Sigma) (0.5, 1.0, 2.0 mg/ kg) were suspended in 5% gum arabic and administered orally 1 h before the test trial. L-Histidine hydrochloride monohydrate (Wako, Osaka) was dissolved in saline and injected intraperitoneally (500, 1000, 1500 mg / kg) 3 h before test trial. Histamine dihydrochloride (Sigma) was dissolved in saline and injected intra-hippocampally (1.0, 10, 100 nmol / site) 5 min before the test trial. Studies for drug effect were carried out once a week.
Data analysis
One-way analysis of variance (ANOVA) with Dunnett's test and t test were used for the statistical analysis of the results. A difference of P<0.05 was regarded as being significant.
Results
Effect of muscimol on radial maze performance in rats
Muscimol at a dose of 0.3 nmol caused no significant effect on total error (P = 0.869), reference memory error (P = 0.994), or working memory error (P = 0.598). Although muscimol at doses of 1.0 and 3.0 nmol significantly increased the total error (1.0 nmol, P = 0.036; 3.0 nmol, P = 0.003) and working memory error (1.0 nmol, P = 0.037; 3.0 nmol, P<0.001), no significant increase was observed in reference memory error (1.0 nmol, P = 0.506; 3.0 nmol, P = 0.492) (Fig. 1) .
Effects of donepezil and tacrine on muscimol-induced memory deficits in rats Table 1 shows the effects of donepezil and tacrine on the spatial memory deficits induced by muscimol (1.0 nmol). Donepezil at doses of 0.2 and 0.5 mg / kg caused no antagonistic effect on the muscimol-induced increase in total error (0.2 mg / kg, P = 0.557; 0.5 mg / kg, P = 0.319), reference memory error (0.2 mg / kg, P = 0.916; 0.5 mg / kg, P = 0.686) and working memory error (0.2 mg / kg, P = 0.280; 0.5 mg / kg, P = 0.209); however, at 1.0 mg / kg, it significantly antagonized the muscimol-induced increase in total error (P = 0.036) and working memory error (P = 0.01). Tacrine at a dose of 0.5 mg / kg caused no inhibitory effect on the muscimol-induced increase in total error (P = 0.994), reference memory error (P = 0.964), and working memory error (P = 0.897), but at doses of 1.0 and 2.0 mg / kg, it significantly antagonized the muscimolinduced increase in total error (1.0 mg / kg, P = 0.044; 2.0 mg / kg, P = 0.028) and working memory error (1.0 mg / kg, P = 0.032; 2.0 mg / kg, P = 0.038).
Effects of histidine and histamine on muscimol-induced memory deficits in rats
The effects of histidine and histamine on muscimolinduced spatial memory deficits are shown in Table 2 . Muscimol was injected into the intramedial septal 5 min before the test trial. Donepezil and tacrine were orally administered 1 h before the test trial. Each value represents the mean ± S.E.M. of 10 -14 rats. *: Significantly different from the muscimoltreated group with P<0.05. The F and P value of ANOVA: +Donepezil: total error; F(3,42) = 2.858, P = 0.048, reference memory error; F(3,42) = 0.464, P = 0.709, working memory error; F(3,42) = 3.192, P = 0.033. +Tacrine: total error; F(3,49) = 3.953, P = 0.013, reference memory error; F(3,49) = 1.279, P = 0.292, working memory error; F(3,49) = 3.535, P = 0.021.
Histidine at a dose of 1500 mg/ kg significantly antagonized the muscimol-induced increase in total error (P = 0.034) and working memory error (P = 0.014), while it had no effect on reference memory error (P = 0.523). Similar results were obtained with histamine; 10 and 100 nmol / site of histamine significantly antagonized the muscimol-induced increase in total error (P = 0.007) and working memory error (P = 0.007), but it had no significant effect on reference memory error (P = 0.337).
Changes in brain histamine content after histidine injection Figure 2 shows the changes in the brain histamine content after treatment with histidine. The animals were sacrificed 3 h after the injection of histidine at a dose of 1500 mg / kg. Histidine significantly increased the histamine content in the cortex (P = 0.004), hippocampus (P = 0.006) and hypothalamus (P = 0.004).
Discussion
In the present study, it was found that the intra-septal injection of muscimol, a GABA A agonist, resulted in a significant increase of total error and working memory error at doses of 1.0 and 3.0 nmol. However, muscimol caused no effect on reference memory error even at a dose of 3.0 nmol. There are some reports that the intraseptal injection of muscimol induced memory deficits. For instance, Chrobak et al. (3) and Givens and Olton (13) reported that the injection of muscimol impaired working memory. These findings were essentially the same as our present results. On the other hand, it is well recognized that working memory error is more likely to be impaired than reference memory error, as reported for 8-OH-DPAT (14) and scopolamine (15) . From these findings, it was confirmed that the GABA A receptor of the septo-hippocampal region plays an important role in working memory of radial maze performance.
Freund and his colleague reported that the medial septal area contains not only GABAergic, but also cholinergic neurons (2) . Therefore, we studied the effects of donepezil and tacrine, which showed a cholinergic activity expressed by the inhibition of cholinesterase. Donepezil improved the muscimolinduced increase in total error and working memory error. Degroot and Parent (16) also demonstrated that the injection of physostigmine into the hippocampus or the entorhinal cortex attenuated avoidance retention deficits produced by the intra-septal injection of muscimol. They also reported that the intra-septal administration of the muscimol decreased the acetylcholine release in the hippocampus (17) . Therefore, it is reasonable to presume that the muscimol-induced spatial memory deficit is mainly generated via cholin- ergic systems from the view that GABAergic neurons are local circuit interneurons in the cholinergic system (18) . Almost the same idea was also applicable to tacrine. However, in this study, tacrine caused a more potent antagonizing effect on the muscimol-induced memory deficits than scopolamine-induced memory deficits (19) . Tacrine is reported to be a potent GABA Areceptor antagonist (20) . This is the reason why tacrine caused an antagonizing effect on muscimol-induced memory deficits at a low dose. On the other hand, tacrine has been reported to inhibit histamine N-methyltransferase activity (21) , and as a result, tacrine caused an elevation of the brain histamine levels. We have reported that brain histamine has an important role in learning and memory (6) . In addition, Miyazaki et al. (22) found that histidine ameliorated the scopolamine-induced learning deficits in the elevated plus-maze test in mice. Moreover, Dere et al. (23) reported that histidine-decarboxylase knockout (HDC-KO) mice show deficient nonreinforced episodic object memory. In contrast, it has been reported that histamine has suppressive effects on learning and memory. For example, Zarrindast et al. (24) showed that pre-training intracerebroventricular administration of histamine decreased the learning of a one-trial passive avoidance task. On the other hand, it was found that HDC-KO female mice showed impairments in water maze performance, but enhanced passive avoidance memory retention (25) . From these findings, it seems likely that brain histamine showed different effects on learning and memory according to the brain regions and experimental conditions. Therefore, we investigated in the present study, the effects of histidine and histamine on muscimol-induced memory deficits in the radial maze performance in rats. As a result, histidine (1500 mg / kg, i.p.) significantly antagonized the muscimol-induced increase of total error and working memory error. At this dose, histidine caused a significant increase in the histamine contents of the cortex, hippocampus, and hypothalamus. Histamine also showed a significant improvement in the muscimol-induced memory deficits caused by intra-hippocampal injection. As for an interaction between GABAergic and histaminergic systems, Xu et al. (26) reported that histamine fibers activated septo-hippocampal GABAergic neurons. Therefore, it is reasonable to assume that histamine improved the muscimol-induced memory deficits through the GABA A receptor. On the other hand, Bacciottini et al. (27) reported that histamine increased the release of acetylcholine from the hippocampus, and histamine depolarized the cholinergic septal neurons in in vitro experiments (28) . The antagonizing effects of histidine and histamine on muscimol-induced memory deficits are generated, at least in part, via the activation of cholinergic systems.
From these findings, it was concluded that GABA of the medial septal area plays an important role in working memory, and the disturbance of working memory induced by muscimol is mediated not only by the cholinergic system, but also by the histaminergic system.
